and neutrophilic granulocytes (p < 0.08). This is the first study characterizing the inflammatory infiltrate of pneumococcal pneumonia in situ. Our observations improve the understanding of the innate immune mechanisms of pneumococcal lung infection and point at the potential of therapies for restoring macrophage function and decreasing neutrophilic influx in order to help prevent or cure pneumonia.
Introduction
Pneumonia caused by Streptococcus pneumoniae is still a major health problem, especially amongst young children and the elderly. It accounts for 1.6 million deaths worldwide; 1 million of these are children, mainly in developing countries [1] . In a cohort of 18,000 patients from Denmark, the mortality rate for adults older than 65 years was 24% compared to 14% for individuals aged 15-65 years [2] . This increased susceptibility of the elderly is largely explained by the aging of organ systems and the presence of comorbidities [3] . Other important risk factors beside age include multilobar involvement, shock, assisted ventilation, need of intensive care, chronic heart failure, renal failure, preexisting pulmonary disorders, immunosuppression and other serious underlying diseases [1] .
Since the introduction of a conjugated polysaccharidebased vaccine, the incidence of pneumococcal diseases has declined significantly in immunized children [4] . In contrast to the high efficacy of vaccinations in children, the results in the elderly have not been as clear-cut [5] . Randomized trials have generally failed to demonstrate that polysaccharide vaccines reduce all-cause [5] or pneumococcal pneumonia [6] [7] [8] in the elderly, suggesting suboptimal efficacy in preventing pneumococcal pneumonia, the typical manifestation of pneumococcal disease in this age group.
The innate immune defense mechanisms against pneumococci during lung infection are made up of several factors such as resident alveolar macrophages, infiltrating neutrophils, complement and CD4+ T cells (reviewed by Kadioglu and Andrew [9] ). Due to the efficacy of serum therapy and polysaccharide-based vaccines, anticapsular antibodies were previously thought to be the main mechanism of acquired adaptive immunity to pneumococcal disease [10, 11] . More recent studies showed the acquisition of serotype-and antibody-independent immunity with age, so the involvement of alternative mechanisms, dependent on T helper (Th) cells, was proposed [12, 13] . Several researchers have demonstrated that protection against pneumococcal carriage requires the presence of CD4+ T cells and that the Th17 signature cytokine interleukin (IL)-17 plays a major role in defense against pneumococci [14, 15] . In the search for the cause of increased susceptibility in the elderly, Schmid et al. [16] discovered that the IgG levels specific for certain pneumococcal proteins decline with age but that the percentage of cytokine-secreting donors remains unchanged. They could demonstrate that IL-17A production was most often accompanied by interferon γ or a combined response of interferon γ and IL-5 in the young and middle-aged, but rarely in the elderly. Natural exposure to pneumococci seemed to induce both Th17 and Th1 responses in the young and middle-aged, but in the majority of elderly subjects, only a Th17 or a Th1 response. Recently, in vitro coculture studies of human monocytes and CD4+ Th cells showed a mixed Th1/Th17 response with a primarily Th1-based response triggered by living bacteria and a primarily Th17-based response to heat-killed bacteria [17] . These data could confirm earlier studies conducted in mice [15] .
Macrophages appear to be of considerable importance in immunomodulation and in the priming of the immune response [18] , yet their role in bacterial infection has not been fully elucidated. A recent review by Aberdein et al. [19] emphasizes the impact of alveolar macrophages on primary host defense against S. pneumoniae in preventing the manifestation of pneumonia. Macrophages are generally divided into 2 groups, M1 and M2 macrophages, described primarily in the inflammatory infiltrate of carcinomas [20] . However, the alveolar macrophages seem to not fit perfectly into this scheme. Duan et al. [21] showed that alveolar macrophages could be divided by flow cytometry into distinct subgroups, depending on whether the mice in their study showed acute inflammation or chronic lung disease.
In this study, we evaluated the composition of the inflammatory infiltrate in young, middle-aged and elderly patients in order to gain new in situ and in vivo insights into the age-dependent inflammatory antipneumococcal response. We correlated our findings with the data available from serological and in vitro studies in the literature. We focused specifically on the role of alveolar and M1/ M2 macrophages.
Material and Methods

Patient Selection
We selected patients with microbiologically proven pneumococcal pneumonia from our archive. They consisted of individuals younger than 30 years (n = 5), middle-aged patients (i.e. between 30 and 70 years of age; n = 8) and patients older than 70 years (n = 9). The pneumonic infiltrates were classified as exsudative (fibrin and granulocyte-rich), resorptive (histiocyte-rich), organizing (connective-tissue-rich) and mixed patterns. The available clinical information of the patients was retrieved from our files. Patient characteristics are listed in table 1 .
A group consisting of both young and elderly patients (n = 10; median ages 25.6 and 65.3 years, respectively; 7 males and 3 females), treated with partial lung resection for pneumothoraces without evidence of inflammatory bacterial diseases, was used as a control group to describe the inflammatory cells found in nonpneumonic lung tissue.
Immunohistochemistry
The antibodies and conditions of the immunohistochemical staining for characterizing the inflammatory infiltrate are listed in table 2 . One full mounted slide from each patient was used for evaluation. To establish the respective antibodies, proper positive (T and B cell lymphomas, acute monoblastic leukemias, hairy cell leukemias and histiocytic and dendritic cell sarcomas) and negative controls (central nervous tissue devoid of inflammation) were established and experiments that omitted the primary antibodies and applied irrelevant antibodies were performed.
Evaluation of Stainings
All the available lung slides of the patients were reviewed. The slide with the most prominent inflammatory infiltrate was used for immunohistochemical evaluation. The stained slides were evaluated by two pathologists (T.M. and A.T.) to study agreement between observers. The inflammatory infiltrate in the areas of pneumonia was assessed. The number of positive cells was estimated as a relative percentage of the whole infiltrate. Unspecific stainings in the erythrocytes and lung parenchyma as well as areas of necrosis and those containing a lot of debris were taken out for the purpose of the evaluation.
Statistical Analysis
The degree of agreement between observers was evaluated by interclass correlation coefficients, using analysis with Cronbach's alpha statistic for reliability: α > 0.75 was generally considered to be well-reproducible. Correlation analysis of clinicopathological (e.g. age, sex and histological pattern) and immunohistochemical parameters was performed using the Fisher's exact test. In addi- 
Results
Characterization of the Inflammatory Infiltrate
Cronbach's alpha statistic for interobserver reproducibility of the immunohistochemical markers was excellent (highest: α = 0.92 for CD20 and lowest: α = 0.78 for CD4). The results are summarized in table 3 .
Lymphocytes
The proportion of lymphocytes in the inflammatory infiltrate was low compared to that of macrophages and granulocytes (mean values were between 0.6 and 5.8%). No statistically significant differences were seen in the distribution of either B lymphocytes detected by CD20 or T lymphocytes detected by CD3. There was also no difference in the subsets of cytotoxic and Th cell equivalents according to the amount and distribution of CD4+ and CD8+ cells and the CD4/CD8 ratio. Due to the low percentage of T cells, these were not further subtyped.
Granulocytes
The share of neutrophilic granulocytes detected by CD15-staining was significantly higher in the cohort of elderly patients than in the cohort of young patients (mean value 94.5 vs. 75.0%, respectively, p = 0.003; fig. 1 ). The difference between middle-aged and young patients was not yet significant (p = 0.075).
Macrophages
Macrophages were investigated by a panel consisting of CD11c, CD14, CD163 and HLA-DR ( fig. 1 ). CD11c is used to stain alveolar macrophages [22] and CD14 and HLA-DR are markers of M1 macrophages [23] . HLA-DR has been shown to be upregulated in the macrophages of patients with pneumonia [24] . CD163 is a marker for M2 macrophages [25] . We observed that macrophages were significantly more numerous in the young than in the elderly patients (CD14: mean value 30.0 vs. 10.0%, respectively, p = 0.011; HLA-DR: mean value 52.0 vs. 11.4%, respectively, p = 0.018). Specifically, there was an enrichment of alveolar macrophages (CD11c: mean value 20.0 vs. 8.8%, p = 0.030). The mean amount of CD163-positive cells was higher in the young patients ( table 3 ), but there was no statistically significant difference between the groups of young and elderly patients for this M2 marker.
With regard to the inflammatory infiltrate, there were no statistically significant differences between the middleaged and elderly patients. When comparing young and middle-aged patients, there was a significantly higher percentage of alveolar macrophages in the former (CD11c: mean value 20 vs. 7%, respectively, p = 0.019). For M1 macrophages, the differences were subsignificant (CD14 p = 0.054; HLA-DR p = 0.074; fig. 2 ). Combining the middleaged and elderly patients and comparing them to the young patients, there was a significant difference in the number of CD15+ neutrophilic granulocytes (p = 0.005), CD11c+ alveolar macrophages (p = 0.01) and M1 macrophages (HLA-DR p = 0.019; CD14 p = 0.012), which replicated the results of the comparison of young patients with elderly patients.
Pneumonia Pattern
In all the cases, the pneumonia was in the exsudative stage. One young patient, 2 middle-aged patients and 1 elderly patient already showed focal signs of organization, while focal diffuse alveolar damage and prominent fibrin exsudations were still observable. One elderly patient showed focal abscess formation. There were no statistical differences between groups in pneumonia pattern or inflammatory cell composition.
Inflammatory Infiltrate of the Control Group
The inflammatory cells in the control group consisted predominantly of B and T lymphocytes with few macrophages and very sparse granulocytes. There was no difference in the composition of the inflammatory cells between the elderly and young patients in the control group.
Discussion
We discovered that the inflammatory infiltrate of the elderly patients contained a higher percentage of neutrophilic granulocytes when compared to the young patients. Our findings correlate with data from Meyer et al. [26] , who observed that the percentage of neutrophils and the level of IL-8 increased with age in bronchoalveolar lavage fluid samples from young, middle-aged and elderly healthy non-smokers. A reduced defense capacity of neutrophils, due to a decrease in Toll-like receptor-mediated activation, phagocytic ability (particularly Fc receptor-mediated), oxidative burst and the ability to respond to survival factors (e.g. granulocyte macrophage colonystimulating factor and granulocyte colony-stimulating factor) at the site of inflammation is supposed to lead to decreased resistance to (bacterial) infections in the elderly, despite the increase in the number of granulocytes at these sites [27, 28] .
We found a higher percentage of both alveolar and M1 macrophages in the young patients. In general, macrophages display a reduced phagocytic capacity and impaired oxidative burst in elderly people [29, 30] . Furthermore, defects in the upregulation of MHC class II molecules (as observed for HLA-DR in our study) and the expression of Toll-like receptors have been shown in macrophages in elderly people [29] ; this hampers success in fighting infection as well as the efficacy of vaccinations [30] . Impaired monocyte/macrophage function results in failure to eliminate pathogens and prolongs their survival in cells (e.g. tuberculosis). This is accompanied by chronic activation of the innate immune system, leading to persistent inflammation [28, 31] . The M1 program of macrophages, such as that observed in the young patients, is usually associated with protection during acute infectious diseases. However, an excessive or prolonged M1 program may also be deleterious for the host, as observed in infections with Escherichia and Streptococcus species [32] . Alveolar macrophages form a distinct entity in the family of macrophages. As residual macrophages of the lung, they are capable of phagocytosis of pathogens as well as T cell recruitment in the early phase of infection [33] . Murine studies have shown that depletion of alveolar macrophages increases the susceptibility of mice to pneumonia and leads to a more aggressive disease course [34] . A decrease in the number of alveolar macrophages at the site of inflammation in elderly patients, as detected in our study, might contribute to the increased susceptibility of this age group for pneumonia. Put together, our data allow us to create a hypothetical scenario: in the absence of sufficient numbers of alveolar and M1 macrophages for fighting the infection in elderly patients there could be a compensatory massive infiltration of neutrophilic granulocytes, which leads to enhanced tissue destruction. The changes observed in young and elderly patients were thought to be similar. When looking at the middle-aged patients, this was not as clear ( fig. 2 ), but there was already a significant decrease in alveolar macrophages in this age group; this argues for a decrease in macrophage numbers (and possibly function) in the course of a lifetime.
Our study has some shortcomings, i.e. the small number of investigated cases and the lack of more comprehen- sive clinical data. This is due to the scarcity of young patients dying from pneumonia or being partially pneumonectomized for microbiologically proven pneumonia. Due to our strict inclusion criterion of microbiologically proven pneumococcal pneumonia, only females were found for the young patient group. It is important to note here that there are studies demonstrating a gender-specific difference concerning the reaction to pneumococcal lung infection, at least in infants [35, 36] . These studies show that male infants are more prone to pneumonia than female infants, but that this is not the case in adolescents [35] . Considering the female predominance in our infants' collective, one may speculate that there was at least no selection bias towards poor-prognosis patients in our cohort of young individuals. Finally, although no differences in CD4+ T cells were observed in our analysis, there may have been age-related differences in Th1/Th17 subsets, as observed in the periphery. However, due to the low percentage of T cells, subset studies were not considered feasible.
Conclusions
This is the first study characterizing the inflammatory infiltrate of pneumococcal pneumonia in situ. In accordance with earlier in vitro and serological studies, we could show a reduced macrophage response accompanied by an increase of neutrophilic granulocytes in elderly patients. The proportion of alveolar and M1 macrophages, in particular, was significantly lower in elderly patients. Thus, our study contributes to a better understanding of the innate response mechanisms to pneumococcal infection in the lung. Studies on nursing-home patients have shown that supplementation with zinc, which plays an important role in macrophage function, could reduce the incidence of pneumonia [37] . Other therapeutic options such as the application of cytokines have also been suggested previously [38] . In summary, restoring macrophage function and decreasing neutrophilic influx in the elderly might be crucial for reducing the burden of pneumonia in this age group.
